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Models of continental crustal magmagenesis commonly invoke the interaction of mafic mantle-derived magma and continental crust to explain geochemical and petrologic characteristics of crustal volcanic and plutonic rocks. This interaction and the specific mechanisms of crustal contamination associated with it are poorly understood. An excellent opportunity to study the progressive effects of crustal contamination is offered by the composite plutons of the Alaska Range, a series of nine early Tertiary, multiply intruded, compositionally zoned (peridotite to granite) plutons. Large initial Sr and Nd isotopic contrasts between the crustal country rock and likely parental magmas allow evaluation of the mechanisms and extents of crustal contamination that accompanied the crystallization of these ultramafic through granitic rocks. Three contamination processes are distinguished in these plutons. The most obvious of these is assimilation of crustal country rock concurrent with magmatic fractional crystallization (AFC), as indicated by a general trend toward crustal-like isotopic

INTRODUCTION
Petrogcnetic study of continental magmatism demonstrates that the geochemical, petrologic, and isotopic character of continental igneous rocks is, at least in part, dependent on the characteristics of the crust they intrude. Mantle-derived magmas inevitably interact chemically to some degree with the continental crust they intrude and this interaction can significantly modify the composition and isotopic character of primary mantle-derived magmas or even produce hybrid magmas that include a large proportion of crustal melt. In some settings the petrologic and geochemical character of crustal magmatism may be controlled more strongly by the interaction of mantle-derived magmas with continental crust than by the original mantle source and the dynamics of the mantle melting process (Hildreth & Moorbath, 1988) . A primary objective then, is to infer the physical and chemical processes that govern magma-crust interaction.
Compositionally zoned plutons that contain mafic or ultramafic rocks may provide evidence of interaction between mafic mantle-derived magmas and the crust they intrude. In most cases of normal compositional zonation (mafic margins to progressively more felsic cores), it is necessary to hypothesize multiple intrusions of magma to account for both the compositional and isotopic diversity of the plutons (Stephens & Halliday, 1980; Kistler et al., 1986; Bouchez & Diot, 1990; Stephens, 1992) . However, systematic isotopic zonation of normally zoned plutons also suggests a genetic relation among the intrusions or pulses of magma (Kistler et al., 1986; Stephens, 1992) .
When modeled with reasonable thermodynamic constraints, assimilation accompanied by fractional crystallization (AFC) provides a useful starting point for interpreting magmatic processes associated with magma-country rock interaction. For given endmember compositions of magma and country rock, isotopic and compositional variation in a zoned pluton may be modeled by numerous AFC scenarios by changing the controlling parameters (extent of AFC, bulk distribution coefficients, and ratio of assimilation to crystallization rates). Because these parameters in general cannot be uniquely specified, AFC models allow only a first-order explanation of geochemical data, explained in the context of just one type of magma-crust interaction. Other mechanisms of crustal contamination that may be equally important in determining the character of the magma, however, are not explained by models of the AFC process.
Several mechanisms of crustal contamination are manifested in the composite plutons of the Alaska Range [as defined by Reed & Nelson (1980) ], a series of nine early Tertiary, petrographically diverse plutons. Many of the plutons comprise several intrusions, and some are normally zoned from peridotite to granite. We show that field relations, major and trace element compositions, mineral chemistry, and isotopic compositions of these plutons (see Appendix for analytical methods) are only partly explained as the products of assimilation of flysch country rock by fractionally crystallizing mantle-derived basaltic magma. We also identify geochemical, isotopic, and petrographic characteristics of these plutons that reflect at least one, and possibly two, mechanisms of crustal contamination that cannot be modeled by AFC calculations. We suggest that crustal contamination occurred both by assimilation during fractional crystallization, and by contamination (by crustal melts) of the largely crystalline regions of magma following fractional crystallization. Additionally, the enriched isotopic compositions of the entire suite of rocks in these plutons, including ultramafic and mafic samples, require either an enriched mantle source for the parental magma or crustal contamination of the parental magma before significant crystallization.
GEOLOGIC SETTING Plutonic series in the Alaska Range
This study was initiated on the basis of earlier work in the Talkeetna quadrangle by Reed & Nelson (1980) as part of the Alaska Mineral Resource Assessment Program (AMRAP). Previous studies of the plutonic rocks in the area were completed by Reed & Lanphere (1969 and Lanphere & Reed (1985) . These workers emphasized that much of the work was reconnaissance in nature and that none of the plutons were mapped in detail (Reed & Lanphere, 1973) . Reed & Lanphere (1973) defined three intrusive episodes for this part of the Alaska-Aleutian Range batholith: Early and Middle Jurassic, Late Cretaceous and early Tertiary, and middle Tertiary (Fig. 1) . The composite plutons that we discuss in this paper are one suite of the Late Cretaceous-early Tertiary plutons in the central Alaska Range.
Initially, Reed & Lanphere (1973) grouped the Late Cretaceous and early Tertiary composite plutons with the granodiorite of Mount Estelle (66 Ma) and the quartz diorite to quartz monzonite of the Yentna sequence (65 Ma). Later work by Reed & Nelson (1980) subdivided the Yentna sequence in two separate suites based on lithology and age: the Kichatna plutons (67 Ma) and the composite plutons (64) (65) .
The composite plutons comprise a belt, of 65 km lengdi, of nine relatively small bodies exposed south of the Denali Fault (Fig. 2) . During 6 days of helicopter-supported fieldwork in 1991 we collected samples from and mapped the distribution of lithologies in seven of the plutons: the Ptarmigan stock, Kohlsaat pluton, Fourth of July stock, Upper and Lower Yentna plutons, Cascade pluton, and the East Fork stock. In 1992 we mapped and sampled the Kohlsaat pluton in more detail. The Kichatna and Threemile stocks were not examined in this study.
Most of these plutons contain three distinctive units which we refer to as ultramafic, intermediate, and granitic, although some plutons contain only two of the units and one contains only the ultramafic unit. Field relationships in plutons that contain more than one unit indicate that the ultramafic unit is oldest, the granitic unit is youngest, and the intermediate unit is intermediate in age. The Fourth of July stock comprises only ultramafic rocks, whereas the Ptarmigan and East Fork stocks contain no ultramafic rocks. The Kohlsaat pluton is concentrically zoned (Fig. 3) ; the intermediate unit forms the margin and the granitic unit forms the core. The ultramafic rocks are near the margins of the pluton, and some are large xenolithic bodies in later units. The granitic unit forms the rugged resistant central part of the pluton whereas the ultramafic unit forms subdued, weathered outcrops. In all three plutons that show the complete range of zonation, each unit is similar in mineralogy to its homolog in the other plutons, suggesting common processes in their formation. Reed & Nelson (1980) suggested that the Mount Estelle pluton, south of the composite plutons (Fig.  2) , belongs to the same plutonic event as the composite plutons. Crowe et al. (1991) and subsequent mapping confirm that a similar range of lithologies characterizes the Mount Estelle pluton. Three other intrusive bodies are of questionable relation to the composite plutons, although similar outcrop patterns and mineralogies suggest that they are related to the composite plutons. These are the Shellabarger stock, a strongly magnetic biotite ijolite [previously considered part of the composite plutons by Reed & Nelson (1980) ]; the Yentna ultramafic body, a serpentinized peridotite; and the Lacuna sills, which are relatively fresh, chromite-bearing dunite intrusives. Because of the mineralogic similarities and locations of these intrusive bodies, they are considered here as an aid to interpreting the formation of the composite plutons.
Generalized geology of the Alaska Range in the area of the composite plutons
The Denali Fault system-a major right-lateral strike-slip fault-dominates the geology in the area of the composite plutons (Fig. 2) . With one exception, similar compositionally zoned plutons have not been recognized north of the Denali Fault. Foley (1985) described similar, but older alkaline rocks and lamprophyric lithologies north of the fault, 500 km to the east. These rocks range in age from 73 to 108 Ma and intruded a complex assemblage of multiply deformed Devonian and older metamorphic rocks (Richter & Jones, 1973) .
At the level of exposure, the composite plutons intrude two lithologic units (Reed & Nelson, 1980) . The main and youngest unit is a thick sequence of Jurassic to Cretaceous lithic greywacke, phyllite, and shale. These rocks are part of a several hundred kilometer long belt of flyschoid strata that were deposited between the southern margin of cratonal North America and the northern margin of the Talkeetna superterrane during its accretion to North America (Csejtey et al., 1982) . In south-central and southwest Alaska this slightly metamorphosed and highly deformed flysch has been named the Kahiltna terrane. Gravity surveys suggest that Kahiltna flysch is structurally thickened to as much as 50 km in areas of south-central Alaska (Barnes, 1977) .
The second unit intruded by the composite plutons is fault bounded and thrust over the Kahiltna and Dillinger terranes. These rocks are assigned to the Mystic terranc (Fig. 2 ) and consist of a Devonian to Pennsylvanian allochthonous sequence composed of (1) a trench assemblage characterized by terrigenous turbidites, cherty pelagites, and pillow basalts, (2) slope and shelf assemblages which include chert, shale, reefoid limestone, and, locally, terrestrial conglomerate and redbeds, and (3) a thick locally terrestrial conglomerate and sandstone assemblage. This last assemblage is the Middle Pennsylvanian conglomerate of Mount Dall, a limestone-chert conglomerate, sandstone, and siltstone unit at least 1500 m thick. These three dissimilar depositional sequences, which largely form disrupted nappes, are nearly everywhere juxtaposed by thrust faults. The Dillinger terrane in part structurally underlies the Mystic terrane and is depositionally overlain by the Kahiltna terrane. The Dillinger terrane is the oldest terrane south of the Denali Fault in this area. This terrane comprises at least 3000 m of multiply folded sedimentary rocks which include abundant carbonate rocks and consist chiefly of well-bedded lime mudstone and shale, interbedded sandstone, shale, and limestone, and deep-water lime-mudstone. These rocks contain Ordovician and Middle and Late Silurian fossils (Reed & Nelson, 1980) . Both the Upper Yentna and Cascade plutons intrude the fault contact between the Kahiltna and Mystic terranes. The other composite plutons intrude only the Kahiltna terrane at the present level of exposure. The Shellabarger stock, Yentna ultramafic body, and the Lacuna sills intrude rocks of the Mystic terrane (Reed & Nelson, 1980 Reed (1985) in their study of the 55-58-Ma McKinley (plutonic) sequence. Based on geochemical and isotopic data, Lanphere & Reed (1985) argued that the McKinley sequence plutons crystallized from magmas formed by mixing relatively small amounts of mantle-derived basalt (10-30%) with large amounts of Kahiltna flysch (70-90%). The McKinley sequence is characterized by homogeneous granite massifs, in contrast to the three compositionally distinct intrusions that distinguish the composite plutons.
PETROLOGY OF THE COMPOSITE PLUTONS
Although there is some overlap in the mineralogic and chemical character of the units that characterize the composite plutons, three units were recognized and defined in the field on the basis of their intrusive order as inferred from field relations and their distinctive appearances. These are:
(1) Ultramafic unit. This unit is typically coarse grained, porphyritic and dark green to dark gray in color, and locally shows well-developed compositional layering. It is strongly magnetic and micas commonly form coarse poikilitic plates enclosing olivine and/or pyroxene. The unit typically weathers easily, forming subdued outcrops. In the Kohlsaat pluton, distinctive hornblende gabbro xenoliths are included in the ultramafic unit. Although these rocks do not qualify petrographically as ultramafic, they are included in the ultramafic unit because they arc found intimately associated with and have gradational contacts with the other ultramafic unit rocks.
(2) Intermediate unit. This unit is gray in color and has equigranular and fine-to coarse-grained seriate texture. It forms more resistant outcrops than the ultramafic unit except where it contains large amounts of biotite or phlogopite. Biotite and phlogopite arc typically more abundant and olivine and pyroxene are more altered than in the ultramafic unit.
(3) Granitic unit. This unit is light gray in color, and is fine to coarse grained porphyritic. Alkalifeldspar phenocrysts up to 4 cm long are abundant. This unit forms rugged, resistant outcrops. Biotite is the main mafic mineral.
Ultramafic unit
Ultramafic unit rocks of the composite plutons are dominantly olivine gabbro, gabbro, wehrlite, and dunite (Table la, Fig. 4 ). The ultramafic unit includes gabbroic rocks where they are intimately associated with ultramafic rocks and display field characteristics more similar to the rocks of the ultramafic unit than the intermediate unit. Biotite or phlogopite is present in all ultramafic unit samples except some adcumulate dunite from the Upper Yentna pluton and the Lacuna sills, and hornblende gabbro xenoliths from the Kohlsaat pluton. Alkalifeldspar and either biotite or phlogopite are common interstitial phases, and biotite or phlogopite is typically present as poikilitic crystals. Many ultramafic unit samples have orthocumulate textures and reaction rims that indicate late-stage reaction and recrystallization. Reaction rims include Fe-and Alrich biotite rimmed by ilmenite and plagioclase, which is in turn rimmed by more Mg-and Ti-rich biotite, olivine rimmed by orthopyroxene, in turn rimmed by biotite-phlogopite, and orthopyroxene rimmed by biotite-phlogopite and clinopyroxene (Fig. 5) . In some ultramafic unit samples, clinopyroxene phenocrysts have both olivine inclusions and olivine rims (Fig. 5) . Common accessory minerals in the ultramafic unit include chromite, apatite, and secondary magnetite.
Olivine compositions in ultramafic unit samples range from Fo6i to Fog4 ( Table 2b ) forms thin reaction rims around olivine phenocrysts and is rimmed by biotite or phlogopite (Fig. 5) . It also forms small embayed phenocrysts rimmed by biotite or phlogopite (Fig. 5) .
Plagioclase typically is present as small (<5 mm) phenocrysts or as interstitial crystals in ultramafic unit samples. Phenocryst compositions range from Ari4 6 to An57 and interstitial crystal compositions range from An 25 to An 27 (Fig. 6 , Table 2c ). Phenocrysts are dominantly normally zoned, although many phenocrysts have more anorthitic regions (An 57 ) between the cores (An 52 ) and rims compositions (Fo^yg) are restricted to inclusions in pyroxene phenocrysts, whereas later olivine, as small phenocrysts and as rims around pyroxenes, ranges from Fo6i to Foge-Olivine inclusions in pyroxenes are compositionally zoned from about Fog4 to Fo 78) but no zoning was observed in olivine phenocrysts outside pyroxenes.
Clinopyroxene is present as large phenocrysts and as interstitial crystals in ultramafic unit samples. It is dominantly diopside and compositions have a restricted range relative to clinopyroxene compositions from the intermediate unit (\V047Eri45Fs8 to Wo 45 En44Fsii) ( ( Fig. 5 ). Alkali-feldspar is present as interstitial crystals in ultramafic unit samples, and compositions are restricted to a small range (OregAbsi to Or72Ab28) relative to alkali-feldspar compositions from the other units (Fig. 6 , Table 2d ). Several large (meter-scale) xenoliths of distinctive hornblende gabbro were found in the KohJsaat pluton, along with xenoliths of ultramafic and mafic composition more typical of the ultramafic unit of the other plutons. The hornblende gabbro xenoliths contain large (up to 1-2 cm) phenocrysts of hornblende in a fine-grained matrix of plagioclase and abundant magnetite. These samples are also distinguished by the absence of biotite or phlogopite, which is prevalent in all rocks from the composite plutons, and by high abundances of magnetite, which is rare or absent in other rocks.
Some wehrlite and gabbro xenoliths within the Kohlsaat pluton have distinctive modal layering remarkably similar to sedimentary graded beds. These layers are defined by bands of pyroxenite up to several centimeters thick within olivine gabbro and gabbro. Table 2d ).
Intermediate unit
Several exposures of contacts between the flysch wall rock and the intermediate unit of the Kohlsaat pluton were examined in detail. In these locations a relatively fine-grained region of gabbro is adjacent to the flysch hornfels wallrock, while < 10 m from the contact, large (1~3 cm) phenocrysts of olivine and pyroxene are present in coarse-grained gabbro. Alkali-feldspar, poikilitic phlogopite, and minor plagioclase are interstitial minerals in these coarsegrained gabbros near wall-rock contacts.
Flysch xenoliths up to 10 m in diameter, containing small (<3 mm) biotite crystals, thin (< 1 cm wide) quartz veins, and relict foliation, are abundant near a contact of flysch country rock and the intermediate unit of the Kohlsaat pluton. Similar xenoliths were found in the Cascade and Lower Yentna 
Granitic unit
Granitic unit samples are dominantly corundumnormative, metaluminous biotite granite containing large alkali-feldspar phenocrysts up to 4 cm long, smaller crystals of plagioclase and biotite, and interstitial quartz (Table lc, Fig. 4 ). In the granitic unit of the Kohlsaat pluton, alkali-feldspar phenocrysts are oriented parallel to contacts with wall rocks at large scales and to xenoliths at smaller scales. Also in the Kohlsaat pluton, the size and abundance of alkali-feldspar increase towards the central part of the granitic unit as the size of plagioclase and the size and abundance of biotite decrease. Plagioclase phenocrysts in granitic unit samples commonly have sericitized cores, and thin perthite lamellae are common in alkali-feldspar. Accessory or secondary minerals include zircon, apatite, calcite, and ilmenite.
The granitic unit of the Kohlsaat pluton contains two types of mafic enclaves. The first consists of small (< 1 cm) clots of light-colored amphibole rimmed by biotite. This type of enclave is present near contacts of the granitic and intermediate units.
In some of these enclaves the amphibole appears to replace pyroxene. The second type of enclave is finegrained biotite schist xenoliths < 1 cm to tens of centimeters in size. These enclaves are most abundant in the central part of the granitic unit. They are characterized by well-foliated biotite and lenses of muscovite, albite, and pleonaste spinel. In thin-section, biotite layers appear to have 'peeled off' the xenoliths and dispersed in the granitic unit. The mineral assemblage and texture of these enclaves suggest that they are metamorphosed xenoliths of Kahiltna flysch.
Plagioclase phenocrysts in granitic unit samples are typically smaller than in intermediate unit samples, and more of the plagioclase is interstitial. Plagioclase compositions are more albitic than compositions from any of the units, ranging from Ani 2 to An34 (Fig. 6) . Alkali-feldspar phenocryst and interstitial crystal compositions (Or 73 An27 to Or g2 Abi8) in granitic unit samples are more orthoclase rich and more variable than in the other units (Fig. 6) .
Towards the central part of the granitic unit of the Kohlsaat pluton is a zone of altered granite (Fig. 3) characterized by abundant clots of poikilitic tourmaline crystals -5-10 cm in diameter. These tourmaline clots increase in abundance towards the central part of the pluton, which is dominantly tourmaline, quartz, sericitized albite, calcite, and various fine-grained sulfides and secondary minerals including monazite, apatite, pyrite, arsenopyrite, molybdenite, xenotime, sphalerite, galena, and chalcopyrite. Similar tourmaline-quartz veins in the Kohlsaat pluton cross-cut the ultramafic unit xenoliths enclosed within the granitic unit.
Major element and mineral composition trends
Despite the multiple intrusion history of the plutons, major element concentrations from all the composite plutons vary in a regular and continuous fashion with respect to SiO 2 (Fig. 7) . Major element trends from individual plutons that contain all three units are also generally continuous and similar to the composite trends formed by data from all the plutons; however, all the plutons show a distinct dispersion of values below SiO 2 concentrations of ~48 wt % (Fig. 7) . For example, whereas some ultramafic unit samples have low K 2 O concentrations (<1%), others have concentrations as high as 3-4%, reflected in high modal abundances of alkalifeldspar and/or biotite or phlogopite. FeO and MgO both show similar variability in the low-SiO 2 range, but in the high-SiO 2 range decrease steadily with increasing SiO 2 (Fig. 7) .
A significant difference in plagioclase composition between the composite plutons and other intrusive complexes that contain mafic to ultramafic rocks (Irvine, 1967; James, 1970; Snoke et al., 1981; Burns, 1985) is the absence of highly calcic plagioclase (An >80 ) in any unit of the composite plutons. Even the most Ca-rich plagioclase from ultramafic unit samples is no more anorthitic than An57 (Fig. 6) .
The high modal abundances of alkali-feldspar and biotite or phlogopite phenocrysts that coexist with mafic minerals such as olivine and clinopyroxene in the ultramafic rocks of the composite plutons are also unusual compared with most other zoned complexes that contain ultramafic and mafic rocks. Such mineralogic and textural associations are characteristics shared with calc-alkaline lamprophyres, which are found in composite plutons zoned to more felsic rocks. However, several features of the ultramafic rocks of the composite plutons set these apart from lamprophyres as described by Rock (1991) . For example, pyroxenes and biotites-phlogopites from the ultramafic rocks do not contain the high A1 2 O3, and TiO 2 , respectively (Table 2) , that are characteristic of lamprophyres. Small amounts of orthopyroxene are also present in most of the ultramafic • rocks, whereas orthopyroxene is not present in lamprophyres (Rock, 1991) .
TRACE ELEMENT AND Sr-AND Nd-ISOTOPE COMPOSITIONS
Despite large major element differences, rare earth element (REE) patterns of all samples from all units are remarkably similar (Fig. 8) (Fig. 9) . Calculated initial Sr and Nd isotope compositions of samples from the composite plutons (Table 3) are roughly correlated with each other (Fig. 10) and with major element concentration (Fig. 11) . Other ultramafic unit samples from nearby plutons also show isotopic compositions distinct from the cluster of ultramafic unit samples (Fig. 10) . For example, the Shellabarger stock has relatively low e(T) Nd of -2-6 and high ( 87 Sr/ 86 Sr),-of 0-7072. Dunite from the Lacuna sills has Nd concentrations too low to measure accurately, but also has a relatively radiogenic ( 87 Sr/ 86 Sr),-of 07095 (Fig. 11) .
We also measured the isotopic compositions of several phyllite-graywacke samples from Kahiltna flysch (Table 3 , Fig. 10 ) and one sample of limestone from the Mystic terrane ( Reed & Nelson (1980) . 7"(DM) Nd is a single-stage depleted mantle model age. Depleted mantle evolution is assumed to be represented bys(nNd = 8-6-1-9r (Ga) (DePaolo etal., 1991) . ± is 2? error in the last significant digits of the isotopic ratio. Many samples with low concentrations of incompatible trace elements have rather variable isotopic compositions. For example, Sr concentration and ( Sr/ Sr),-are inversely correlated at Sr concentrations above 400 p.p.m. (Fig. 11) REINERS it cd.
MAGMA CONTAMINATION MECHANISMS, ALASKA RANGE
DISCUSSION
The whole-rock geochemical, mineral chemical, and isotopic data from the composite plutons lead to three primary observations:
(1) A first-order correlation exists between the SiC>2 content of a sample and its isotopic composition. A systematic progression of differentiation and isotopic enrichment relates the petrologically and isotopically primitive older rocks of the plutons to progressively more petrologically evolved and isotopically enriched younger rocks. This systematic variation in elemental and isotopic compositions suggests that magmatic processes involving differentiation and crustal contamination genetically relate the multiple intrusions (ultramafic, intermediate, and granitic units) of the composite plutons.
(2) Some ultramafic unit samples with SiC>2 <48% have isotopic compositions that are extremely variable. They are significantly more enriched [higher ( Sr/ Sr),-and lower £(7~)Nd] than the more petrologically evolved intermediate and granitic units. Furthermore, ratios of LILE to HFSE elements are also relatively high and variable in ultramafic unit rocks, many of which have cumulate textures and compositions (Fig. 9 ). This suggests that either some ultramafic unit samples are not cogenetic with the rest of the units or that these ultramafic unit rocks are more highly and variably contaminated than the more felsic units. Importantly, ultramafic unit samples with the most enriched signatures are found in plutons that also contain the intermediate and granitic units, suggesting a genetic relationship between the ultramafic unit and the other units.
(3) A cluster of ultramafic unit samples with ( 87 Sr/ 86 Sr), of -0-7058 and fi(7~) Nd of -0-5 appears to serve as the origin for the isotopic and elemental evolution towards more evolved and isotopically enriched rocks (Fig. 10) . These ultramafic unit rocks have compositions of dunite, peridotite, and gabbro. Given their mafic or ultramafic (which we infer represents mafic crystal accumulation) petrography, it is possible to assume that the isotopic composition of this cluster approximates the isotopic composition of a mafic, mantle-derived parental magma. However, the hornblende gabbros (which are considerably less mafic than the remaining ultramafic unit samples) have isotopic compositions most similar to those expected for magma derived from the mantle in this region (Fig. 10) . This means that either the parental mafic magma for the composite plutons was derived from an ancient enriched mantle source and the hornblende gabbros are not cogenetic with the composite plutons, or that the parental mafic magma originally had an isotopic composition similar to typical depleted mantle, as preserved in the hornblende gabbro xenoliths, but experienced significant crustal contamination without changing to compositions more felsic than would allow for crystallization of the ultramafic rocks.
In this section, we discuss the implications of these three observations. First, we discuss the application of an assimilation-fractional crystallization (AFC) model in simulating this first-order correlation of degree of differentiation with isotopic composition. Second, we propose a process to explain the enriched and variable isotopic and trace element characteristics of some of the ultramafic unit rocks, and relate these characteristics to their unusual petrography. Third, we address the question of the isotopic composition of the parental magma for the plutons and evaluate the possibility of generating this magma by crustal assimilation without significant crystallization vs an origin in enriched mantle.
Assimilation-fractional crystallization
Variations in the isotopic compositions of rocks from the composite plutons require mixing between at least two sources during the evolution of the magmas that formed the rocks (Figs 10 and 11) . The overall positive correlation between ( 87 Sr/ 86 Sr), and SiC>2 and inverse correlation between e(7") Nc i and SiO 2 indicate that the proportion of the isotopically enriched end-member in the magma increased with magmatic differentiation. The most obvious and likely scenario to explain this is assimilation of country rock by a fractionally crystallizing mafic magma. A basaltic magma intruding the crust in this area would presumably interact with and assimilate country rock as it crystallized and could produce most of the rock types observed in the composite plutons. At the present level of exposure, most of the composite plutons intrude Kahiltna flysch, although a few intrude the clastic rocks of the Mystic terrane as well (Fig. 2) . Some evidence suggests that the crust near this area is composed mostly of Kahiltna flysch (Coney & Jones, 1985; Stanley et al., 1990) , and therefore flysch would be the most likely crustal contaminant. Lanphere & Reed (1985) also argued that 70-90% of the magma that crystallized to form the nearby McKinley sequence plutons is composed of Kahiltna flysch. Although we did find xenoliths of metamorphosed Kahiltna flysch in several of the plutons, we cannot entirely exclude other crustal lithologies such as rocks from the Dillinger and Mystic terranes as assimilate (Fig. 2) .
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To quantitatively investigate the possibility of assimilation of Kahiltna flysch by a mafic parental magma we used the mathematical description of the AFC process outlined by DePaolo (1981) . We chose a model parent magma with an isotopic composition in the cluster of ultramafic unit samples that serves as an origin for the rest of the intermediate and granitic unit samples [( 87 Sr/ 86 Sr), = 0-7058 and E(T)t4d = 0-0], and Sr and Nd concentrations similar to those of both typical primary island arc basalt (Wilson, 1989) and sample 91ANS46B, an olivine gabbro with an isotopic composition in the cluster of ultramafic unit samples (Table 3 ). The assimilate composition is average Kahiltna flysch (Table 4) . Bulk distribution coefficients for Sr and Nd were used that were consistent with mass balance calculations that constrained the types and proportions of fractionating phases that reproduced major element trends (Fig. 7) , as well as the mineralogy of samples in the plutons. Using these constraints and the distribution coefficients of Arth (1976) and Green (1994) , D ST could reasonably vary between ~030 and 1-2, and Z>Nd could vary between -0-11 and 0-06. As crystallization progressed and the fractionating assemblage changed, Z>s r would increase as the proportion of plagioclase in the fractionating assemblage increased, and Z) Nd would decrease as the proportion of clinopyroxene decreased.
AFC modeling of the composite pluton samples (Fig. 12) indicates that a range of bulk distribution coefficients (Z)s r and D^d) and a range of rates of assimilation to crystallization (r) ( Table 4) are required to satisfy the general trend of Sr-and Ndisotope variation of granitic and intermediate unit samples using a parent magma with a composition within the cluster of most of the ultramafic unit samples. Two extreme AFC model trends represent the maximum separation for the end-members and ranges of bulk distribution coefficients above (Fig.  12) . The first trend corresponds to high r (09), low Z> Sr (03), and high D Nd (0-11), such as might be expected in the early stages of crystallization when hot magma capable of higher rates of assimilation is crystallizing a relatively large proportion of pyroxene. The second stage (r = 0-3, Z) Sr =l-2, Z) Nd = 0-06) may represent later differentiation, when a larger proportion of plagioclase, relative to pyroxene, is crystallizing and less assimilation occurs owing to lower magma temperatures. Intermediate unit samples generally fall on the first trend, whereas granitic unit samples generally fall on the second. Extents of assimilation and crystallization required by these AFC models are shown in Table 4 .
The point of our AFC modeling is not to rigorously constrain r values or bulk distribution coefficients during AFC, nor do we claim that every point should fall on a single AFC trend for the model to be successful. We attempted to model AFC trends using other trace elements in an effort to obtain better fits to the data than provided by Sr and Nd concentrations and isotopes; however, no AFC model using any reasonable distribution coefficients and rates of assimilation relative to crystallization was more successful than those presented here. Because poorly constrained variables typify this type of modeling, the contribution of AFC and simple mixing calculations is primarily to define possible ranges for magma evolution as it is contaminated by country rock. The trends of these models (as summarized in Fig. 12 ) provide a reasonable explanation for the isotopic and compositional variability of granitic and intermediate unit samples from the composite plutons.
Equally important is the observation that isotopic and chemical compositions of some samples (especially the ultramafic and more mafic intermediate rocks) cannot be adequately explained by a reasonable range of AFC or mixing models. This holds for models we attempted using other trace elements also. A possible reason for the discrepancy with the models is that other unknown lithologies of composition different from Kahiltna flysch contaminated the magma, or that a variety of mafic parental magmas were present, implying a heterogeneous and enriched upper mantle beneath southern Alaska. However, most of the ultramafic and mafic samples preserve evidence for a mechanism of contamination distinct from the main AFC process, involving a contaminant other than bulk Kahiltna flysch. 
Cumulate mush-assimilated melt interaction
Several ultramafic unit samples have isotopic compositions with significantly higher ( 87 Sr/ Sr),-and lower e(T) Nd than the cluster of ultramafic isotopic compositions that serves as the origin for the trend of increasing differentiation and isotopic enrichment (Figs 10 and 11) . These samples have a number of unusual characteristics. The ( 87 Sr/ 86 Sr), of these samples are more radiogenic (0-7062-0-7095), and the £(T) Nd less radiogenic (-19 to -26) than the more felsic samples (Fig. 11) . These samples have SiO 2 concentrations <48%, show significant scatter in major element concentrations (Fig. 7) , and show unexpected correlations between SiO 2 and isotopic composition which are inverse to those of the rest of the samples. Petrographically, these samples have relatively low modal abundances of feldspar and high modal abundances of phlogopite or biotite. Some of these samples also show cumulate textures, with cumulus phases of dominantly olivine and clinopyroxene, and interstitial phlogopite or biotite. These ultramafic unit samples are among those with the lowest REE abundances in the composite plutons (Fig. 8) , although, importantly, the REE patterns are similar to the other samples. These and other ultramafic unit samples with SiO 2 <48% also have the most variable and generally the greatest LILE to HFSE ratios (Fig. 9) .
Rather than postulating an ad hoc distinct mantle source for these ultramafic unit samples, we suggest that the enriched isotopic compositions and scattered and high LILE/HFSE at low incompatible trace element concentrations (Fig. 9 ) indicate a contamination process that occurred in samples that already had low concentrations of incompatible elements. One way to generate these isotopic and trace VOLUME 37 NUMBER 2 APRIL 1996 element characteristics is the addition of small amounts of radiogenic Sr, non-radiogenic Nd, and highly incompatible trace elements (e.g. LILE) to partially crystalline cumulates after their separation from the body of largely liquid magma from which they precipitated.
To support this hypothesis, we rely not only on the geochemical evidence discussed above, but also on petrographic evidence that is consistent with these geochemical indications. Abundant orthocumulate textures and reaction rims around phenocrysts in the ultramafic and intermediate units strongly suggest interaction of phenocrysts with felsic late-stage melt (Fig. 5) . The enriched isotopic compositions of many of these samples suggest that this melt was not derived entirely from late-stage differentiates of the magma, but at least in part from the surrounding country rock.
Petrographic evidence of late-stage interaction of ultramafic cumulate mush and felsic melt
Many ultramafic unit samples contain phenocrysts with multi-stage reaction rims, interstitial phases, and compositional zoning that indicate disequilibrium between phenocrysts and melt. Using stoichiometric reactions and phase equilibria to interpret these features allows qualitative estimation of the melt composition that reacted with the cumulate mushes. Reactions inferred from textures in ultramafic unit samples suggest partial re-equilibration of the phenocrysts with a melt relatively richer in SiC>2, AI2O3, K2O and H2O.
Ultramafic unit samples with orthocumulate textures and phenocryst reaction rims contain large proportions of olivine, clinopyroxene, and biotite or phlogopite. Orthopyroxene is minor or absent in samples of this type, and where present, it forms thin rims around olivine phenocrysts. Around these orthopyroxene rims are thicker rims of biotite or phlogopite (Fig. 5) . These reactions can be cast in terms of the stoichiometric equations (M g> Fe) 2 SiO4 + {SiO 2 } = 2(Mg,Fe)SiO 3
(1) 
These expressions suggest that under appropriate conditions, olivine or orthopyroxene phenocrysts in crystal-rich mush can react with melt containing SiO 2 , A1 2 O 3 , K 2 O, and H 2 O to produce biotite or phlogopite. These reactions consume olivine or orthopyroxene and produce biotite-phlogopite in the proportions 3:2 and 3:1, respectively. The qualitative observation that orthopyroxene and biotite abundances are inversely proportional to each other in ultramafic and intermediate unit samples supports this. The unusually high modal abundances of biotite or phlogopite in the gabbros and wehrlite of the ultramafic and intermediate unit samples (10-50%) suggests addition of K 2 O to the rock beyond that expected by closed-system differentiation of typical basaltic magma (Fig. 13) . Of these samples, those with larger modal abundances of biotite or phlogopite also have the highest ( 87 Sr/ 86 Sr) I -( Fig.  13) , indicating that the melt that drove reaction (2) above was isotopically enriched and possibly derived, at least in part, from the flysch country rock.
Experimental studies of the interaction of mafic and felsic melts have documented the phenomenon of rapid K diffusion from felsic to mafic melts (Johnston & Wyllie, 1988) . Crystallization of biotite in the mafic melt buffers K 2 O activity, causing or inducing further diffusion of K from the granitic melt to the mafic melt, even across an uphill concentration gradient (Johnston & Wyllie, 1988) . There is a rough correlation between the amount of biotite or phlogopite in the ultramafic and mafic sample and the sample's Sr-isotope composition, possibly indicating that progressive contamination of mafic crystal-rich magmatic mush by country-rock melt enhanced biotite or phlogopite crystallization at the expense of olivine and pyroxene.
42%. It is possible that these samples represent contamination of K2O from a country rock partial melt into an ultramafic magmatic mush, producing phlogopite-biotite by reaction with olivine and pyroxene cumulus phenocrysts in the mush. The presence of phlogopite-biotite as reaction rims around olivine and orthopyroxene phenocrysts in ultramafic unit samples suggests that this process of K diffusion may occur not only between largely liquid melts, but also as a solid-liquid reaction between mafic phenocrysts in a magmatic mush, and felsic melt of country rock. Another unusual texture observed in ultramafic phenocrysts is large diopside phenocrysts that have inclusions of olivine (Fo 7 i) and rims of more Fe-rich olivine (F064) (Fig. 5) . Other clinopyroxene crystals contain concentric rings of olivine within the phenocrysts. This texture may be a consequence of added H 2 O and other monovalent cations, such as Na 2 O and K 2 O, on the phase equilibria of mafic systems (Kushiro, 1972 (Kushiro, , 1975 . Kushiro (1972 Kushiro ( , 1975 showed that isothermal addition of these components to a mafic melt dramatically enlarges the olivine stability field at the expense of clinopyroxene and other phases. Addition of water or alkalis to a melt crystallizing clinopyroxene and olivine could result in dissolution of pyroxene and/or crystallization of olivine. Further crystallization would then drive the liquid composition back to the olivine-clinopyroxene cotectic, resulting in repeated clinopyroxene crystallization. This process can explain concentric rings of olivine within clinopyroxene phenocrysts and the clinopyroxene phenocrysts cored by Mg-rich olivine and rimmed by more Fe-rich olivine (Fig. 5 ). An alternative mechanism for producing these textures would be a sudden increase in the temperature of magma, which would also result in olivine-only crystallization. Addition of K 2 O and H2O to the magma explains both these textures and the associated abundant biotite and phlogopite, and is more thermodynamically plausible than invoking an increase in magma temperature.
Biotite phenocrysts in some ultramafic unit samples also indicate reaction with late melt. Cores of biotite phenocrysts are richer in Al and Fe and rims are richer in Ti and Mg. Plagioclase and ilmenite crystals are present at the boundary between the parts of the phenocrysts with different composition. Although these features are difficult to interpret, they indicate that the rims of the biotite phenocrysts reacted with late melt of a different composition from that in which the crystals grew. One possibility is that these phenocrysts reacted with the felsic melt in a manner similar to olivine and pyroxene phenocrysts; Mg in the phenocryst may have diffused to the exterior of the crystal, reacting with K 2 O and other components in the felsic melt to form a relatively phlogopitic rim around the phenocryst.
Reaction of ultramafic cumulate mushes with latestage felsic melt derived from Kahiltna flysch country rock can explain a variety of mineral, chemical, and isotopic characteristics of the ultramafic unit samples. The relatively enriched isotopic compositions and extremely variable LILE/HFSE of these samples are the result of exclusion of incompatible trace elements by accumulation of mafic phases during fractional crystallization followed by cumulate-mush contamination by a liquid with high ( 87 Sr/ 86 Sr),-, low e(T) Nd , and high LILE/ HFSE. The scatter in major element data below SiO 2 = 48% and the petrographic textures indicating reequilibration of mafic cumulus phases with a felsic liquid can also be explained as the result of introduction of felsic components to the cumulate mush. The correlation between the percent modal phlogopite or biotite and ( Sr/ Sr), of the ultramafic samples indicates that the felsic melt was isotopically enriched, consistent with partial melts derived from Kahiltna flysch (Fig. 13) . The remarkable similarity in shape of all the REE patterns (from dunites through granites) to Kahiltna flysch country rock could also reflect the pervasive influence of the felsic melt derived from the flysch on all the rocks in various stages of differentiation and solidification. With the exception of ( 87 Sr/ 86 Sr),-of dunite from the Lacuna sills (07095), Kahiltna flysch country rock has Sr-and Nd-isotope compositions that make it the most likely contaminant of the cumulate-mush. The Lacuna sills also intrude the highly heterogeneous and older Mystic terrane, rather than Kahiltna flysch.
A significant aspect of the hypothesis that flysch partial melt contaminated ultramafic magmatic mush is that precipitation of biotite-phlogopite in the mush occurred at the expense of olivine and/or orthopyroxene in the phenocrysts. The correlation between percent modal biotite-phlogopite and ( 87 Sr/ 86 Sr),-of ultramafic unit samples supports this (Fig. 13) . Essentially, the more felsic melt contaminated the mush, the more biotite-phlogopite was precipitated. If this contamination occurred rapidly enough to prevent isotopic equilibration between the mafic phenocrysts and the felsic melt contaminant, then one would expect the isotopic composition of the biotite-phlogopite to be displaced towards the flysch country rock relative to its host rock. To test this we measured the Sr-and Nd-isotopic composition of phlogopite from a phlogopite gabbro from the Kohlsaat pluton (Figs 10 and 13) . The ( Sr/ Sr), of the host gabbro and phlogopite JOURNAL OF PETROLOGY VOLUME 37 NUMBER 2 APRIL 1996 separate are 0-706173 and 0706263, respectively, whereas the £(7")N d of the gabbro and phlogopite are -1-80 and -2-06. Although these differences are on the edge of analytical error for these runs (owing to low Sr and Nd concentrations in the phlogopite), the shift in the isotopic composition of the phlogopite from its host rock is directly towards the isotopic composition of Kahiltna flysch (Fig. 13) .
Crustal contamination of basaltic magma without crystallization vs enriched mantle source
The cluster of ultramafic unit samples near (Fig. 12) . An important inference then, is that the original magma (s) that generated this trend of isotopic compositions and differentiation (via AFC) must have been a mafic magma, to produce petrologically primitive rocks such as dunite, peridotite (via crystal accumulation), and gabbro, and (simultaneously) must have had an isotopic composition near the cluster of ultramafic unit samples, because that cluster serves as the origin of the trend of differentiation and isotopic compositions toward crustal values. With these constraints, we consider the possible sources for the primary mafic magma(s) whose isotopic compositions are represented by the cluster of ultramafic unit samples shown in Figs 10-12. The two main possibilities for generating a mafic magma with these isotopic compositions are a source in enriched mantle or a mechanism of crustal contamination (of a magma from a typical depicted-mantle source) that does not cause significant differentiation of the magma.
An obvious (but ad hoc) source for this mafic primary magma could be enriched upper mantle beneath Alaska with isotopic compositions of approximately ( 87 Sr/ 86 Sr), = 0-7058 and e(T)^d--0-5 relative to typical depleted mantle [( 87 Sr/ 86 Sr), of ~0-7035 and e(7~) Nd of about +60]. It is impossible to rule out this possibility based on our current knowledge of the geology of the area. Other isotopic studies of plutonic rocks in this region have found no evidence for isotopically enriched mantle (Lanphere & Reed, 1990) , but autochthonous mafic and ultramafic rocks are rare. Some Precambrian crust (that could overlie old subcontinental lithospheric mantle) does exist in this region of south-central Alaska, but is generally found north of the Denali fault (Reed & Nelson, 1980; Eberlein & Lanphere, 1988) . If an enriched mantle source is accepted, then other models which presume mixing between crustal melts and mantle-derived magma in the area need to consider that the mantle may have significantly more enriched isotopic signature than typical depleted mantle. Use of such an enriched mantle end-member in the mixing models of Lanphere & Reed (1985) would mean that the proportion of flysch involved in the petrogenesis of the McKinley sequence would have been significantly less than the 70-90% they proposed using a depleted-mantle mixing endmember.
At least one line of evidence, however, suggests that an enriched mantle source is not a satisfying solution to the problem of the primary magma of the composite plutons. Hornblende gabbro xenoliths from the Kohlsaat pluton have low ( 87 Sr/ 86 Sr), (0-7035-0-7038) and high £(7") Nd (+6-2 to +1-3), providing evidence that depleted mantle existed beneath this region of Alaska. Although the hornblende gabbros are more petrologically evolved than the rest of the ultramafic unit samples, the presence of such distinctly lower ( 87 Sr/ 8 Sr),-and higher E(T)Nd samples raises the possibility that the original mantle-derived magma involved in the composite plutons had an equally depleted isotopic signature. It is possible that crustal material contaminated the original primary magma of the composite plutons, changing the magma isotopic composition from £(T) Nd of +6 to -0-5 and from ( 87 Sr/ 86 Sr),-of 0-7035 to 0-7058. Obviously, this contamination must have occurred before the crystallization of the ultramafic unit rocks, which record the beginning of the recognizable trend of differentiation and isotopic compositional change by AFC. Because the ultramafic unit includes peridotite and gabbro, little differentiation could have occurred during contamination, contrary to predictions of typical AFC models.
A simple application of AFC or mixing models between bulk Kahiltna flysch and typical primary arc basalt [using compositions from Wilson (1989) ] fails to produce the isotopic composition of the composite plutons' parent magma. Furthermore, the extent of magmatic differentiation (through mixing and crystallization) required to reach either the e (7~)Nd or ( 87 Sr/ Sr); of the composite plutons would produce a parent magma much too felsic to crystallize rocks of the ultramafic unit. As an alternative to invoking an enriched mantle source for the parent magma of the composite plutons, we explore a potential mechanism by which depleted-mantlederived magma may be contaminated so that it has the enriched isotopic compositions of the composite plutons without undergoing appreciable crystallization.
Assimilation of alkali-and H 2 0-rich partial melt
The high modal abundances of clay in Kahiltna flysch and the high modal abundance of biotite in the biotite schist metaflysch xenoliths in the granitic unit indicate that much of the early melting of Kahiltna flysch was probably a result of mica dehydration reactions. Such reactions control melt fraction and composition as a function of temperature during melting of pelitic micaceous metasediments (Vielzeuf & Holloway, 1988; PatifioDouce & Johnston, 1991) . Experimental studies have found large increases in melt fraction with small increases in temperature at the onset of mica dehydration reactions. After depletion of mica in the protolith, the melt fraction increases relatively slowly with temperature, and the composition of the melt also changes. Depending on the modal and bulk composition of the metapelitic source, mica dehydration melting reactions can produce up to 50% melt at low temperatures [825-950°C for the biotiteout reaction (Vielzeuf & Holloway, 1988; PatinoDouce & Johnston, 1991) ]. Such a melt is high in alkalis and H 2 O, and low in refractory elements. This partial melt will be the first (and possibly only) melt assimilated by the intruding magma.
It is generally assumed that contamination by assimilation cannot occur without significant concurrent crystallization (and hence, differentiation) of the magma, because the magma must provide heat to induce melting of the country rock. However, several experiments have documented that the effect of adding felsic melt or monovalent cations such as K 2 O, Na 2 O, and H 2 O to basaltic compositions is, to first order, a lowering of the liquidus temperature of the melt (Johnston & Wyllie, 1988; Van der Laan & Wyllie, 1993) and also an enlargement of the olivine liquidus phase volume relative to other phases (Kushiro, 1975; Sisson & Grove, 1993) . K 2 O, Na 2 O, and H 2 O are among the components that are greatly enriched in the initial partial melt produced by mica-dehydration melting reactions in a metapelite. Thus, a pelitic rock such as Kahiltna flysch may produce, over a small temperature interval, a batch of partial melt rich in alkalis and H 2 O. Further heating by the intruding magma would create proportionately less melt from the flysch, preserving the alkalic and hydrous composition of the assimilated melt. Because addition of alkalis and H 2 O suppresses crystallization temperatures of silicates, the addition of partial melt of this composition to the intruding mafic magma could inhibit crystallization that would otherwise result from removing heat from the magma. Reiners et al. (1995) used the thermodynamicbased MELTS code (Ghiorso & Sack, 1995) to quantitatively evaluate the effects of heat-balanced melting and assimilation of metapelite partial melt by fractionating basaltic magma (AFC). Calculated parameters include the phase equilibria of the basalt and the relative rates of assimilation and crystallization during AFC. Model parent magmas used in the study were typical mid-ocean-ridge basalt (Schilling et al., 1983) and high-alumina basalt (Grove et al., 1988 )-sufficiently general compositions to be considered appropriate assumptions of parent magma for the composite plutons. Model metapelite and metapelite partial melt compositions were from Patino-Douce & Johnston's (1991) experimental study. A granite composition (Grove et al., 1988) was also used as an assimilate composition. This study found that assimilation of the granite and of the H 2 O-and alkali-rich metapelite partial melt by a near-liquidus basaltic magma suppresses the saturation temperatures of plagioclase and pyroxene in the magma by as much as 5O-75°C, and dramatically decreases crystallization rates (per 0 0.1 0.2 0.3 crystallized mass/initial magma mass (1995) for isenthalpic assimilation of metapelite, metapelite partial melt, and granite, by fractionating basaltic magma (see references in text for compositions), based on thermodynamic modeling using the MELTS software package (Ghiorso & Sack, 1995) . This figure shows the high rate of assimilation relative to that of crystallization (r=l-5-25) for the initial stages of AFC involving these compositions. Less than 10% crystallization occurs before r decreases rapidly in response to plagioclase or pyroxene saturation in the magma. Dashed lines are simulations for initial country rock temperature of 400°C, solid lines for 800°C country rock. B, bulk metapelite assimilation; PM, metapelite partial melt assimilation; G, granite assimilation, (a) Magma is mid-ocean-ridge basalt (MORB); (b) magma is high-alumina basalt (HAB). Percentages in (b) refer to H 2 O content of HAB magma.
temperature decrease) of all phases. Even though the magma must lose heat in order to heat and melt the assimilate, the change in composition of the magma caused by assimilation suppresses crystallization, and this results in high ratios of rates of assimilation to crystallization (r~ 1-5-2-5, depending on initial assimilate temperature and composition) (Fig. 14) . This high rate of assimilation continues until a mass of partial melt equivalent to -5-15% of the initial magma mass is assimilated, and no more than 10% is crystallized, at which point plagioclase or pyroxene becomes saturated and crystallization rates increase relative to assimilation (r = 0-5-1-0) (Fig.  14) . It is possible that parental magmas of the composite plutons assimilated relatively large amounts of flysch partial melt in this way, inhibiting crystallization but changing the isotopic composition of the magma to the cluster of ultramafic unit samples with ( 87 Sr/ 86 Sr), = 0-7058 and e(7") Nd =-05. The hornblende gabbro xenoliths, which may have crystallized at greater depths in the crust, could dien represent the isotopic composition of the magma before contamination. To test this hypothesis we used DePaolo's (1981) Sr), = 0-7087, e(T) Nd =-6-3}, using a high rate of assimilation to crystallization (r) of 20, and Z)s r and Z>Nd of 0-001 (to correspond to olivine-only crystallization) (Reiners et al., 1995) . With the high r predicted for assimilation of pelite partial melt, assimilation of a partial melt with Sr and Nd concentrations and isotopic compositions identical to bulk Kahiltna flysch (as a simplifying assumption) produces a magma with ( 87 Sr/ Se Sr), of 0-7040 and d of -0-1 after crystallization of only 10% and assimilation of 20% of the mass of the magma. AFC beyond ~10% crystallization of the basaltic parent would yield a magma with more than ~55% SiO 2 and less than ~6% MgO-too felsic to crystallize the rocks of the ultramafic unit. This compares to ( 87 Sr/ 86 Sr), of 0-7058 and £(7~) Nd of -0-5 measured for the primitive ultramafic samples. For the basaltic magma to change its Sr-isotopic composition to that of the cluster of ultramafic unit samples without crystallizing >10% of its mass would require either an assimilate composition significandy different from that of bulk Kahiltna flysch or its expected partial melt, or else a parental basalt different in composition from that used in this modeling. The Sr/Nd ratio of the partial melt assimilate with isotopic compositions of Kahiltna flysch (Sr/Nd = 22) required by the AFC modeling to explain the isotopic shift within 10% crystallization is significantly higher tiian that of die average bulk Kahiltna flysch (Sr/Nd = 5-2). One possible explanation for this is the tendency for Sr-isotopes to diffuse faster than Nd-isotopes in cases of incomplete magma mixing (Blichert-Toft et al., 1992; Lesher, 1994) . In the case of mafic magma in contact with flysch partial melt, the magma may approach the Sr-isotopic composition of the flysch much faster than it would approach its Nd-isotopic composition. This may also explain why the cumulate-mush contamination appeared to affect Sr-isotopes more strongly than Nd-isotopes.
It is worth emphasizing that other possibilities besides assimilation of pelite partial melt exist to explain the isotopically enriched character of the primary parental magma for these plutons. An enriched mantle source for the primary magmas could be invoked, but the observation of the hornblende xenoliths with typical depleted-mande isotopic signature strongly suggests the presence of typical depleted mantle in this region. Thus, any explanation for the origin of the isotopic signature of the primary parental magma of the composite plutons must involve either a heterogeneous mantle, with both depleted and enriched isotopic signatures, or else a mechanism of crustal contamination that affects the isotopic composition of a mafic parental magma without causing appreciable crystallization and differentiation of the magma.
CONCLUSIONS
The composite plutons as a compositional record of fractional crystallization and crustal assimilation Geochemical and isotopic variations within and among the intrusive units of the composite plutons suggest that the sequence of intrusions represents an increasing thermal and chemical influence of continental crust on a mafic, mantle-derived magma. Following initial intrusion of mafic magma, possibly combined with some cryptic contamination during which little crystallization occurred, assimilation of bulk flysch country rock and fractional crystallization occurred in crustal reservoirs deeper than the present level of exposure. Subsequent intrusions of progressively more differentiated and crustally contaminated magmas from these deeper crustal reservoirs ascended through the same crustal conduits established by earlier mafic intrusions, some carrying ultramafic cumulate enclaves from deeper and older intrusions. Higher temperatures and lower viscosities of recently or partly solidified intrusions surrounding these crustal conduits may have provided favored paths of ascent for the later magmas.
The general trend of isotopic and trace element compositional variation from most ultramafic unit samples through intermediate and granitic unit samples can be modeled to a first order by AFC processes using a range of reasonable bulk distribution coefficients and rates of assimilation relative to crystallization. This indicates that in a general sense, bulk assimilation of flysch country rock could have been the dominant means of crustal contamination.
Crustal contamination of crystal-rich magma AFC modeling, and hence the physical process of crustal contamination represented by AFC modeling, do not address two other important problems in the petrogenesis of the composite plutons. First, some of the ultramafic rocks have unusual petrographic textures, major and trace element, and isotopic compositions that suggest supersolidus interaction with a hydrous, alkalic, LILE-enriched and isotopically enriched melt. These samples are the products of interaction between mafic phenocryst-rich cumulate magmatic mushes and melt derived, at least in part, from the flysch country rock. The felsic melt must have been derived largely from the flysch country rock and not later intrusions because the isotopic signatures of some of the ultramafic cumulates are more enriched than later, more differentiated intrusions. The interaction of mafic phenocrysts with felsic country rock melt produced phlogopite and biotite in the mush at the expense of olivine and orthopyroxene. Initial Sr-and Ndisotope compositions of phlogopite from a phlogopite gabbro are displaced towards Kahiltna flysch relative to the whole rock, supporting this hypothesis. Slow cooling following mush formation could allow for extensive chemical interaction between the cumulate mush and country rock-melt by movement of country rock-melt through the mush. The observation that this cumulate mushcountry rock-melt interaction appears to have affected the Sr-isotope composition of the mush more strongly than the Nd-isotope composition could imply that partial melt derived from the flysch had higher Sr/Nd than the bulk flysch composition or that Sr-isotope equilibration occurred faster than for Nd (Blichert-Toft et al., 1992; Lesher, 1994) . Low initial incompatible trace element abundances in the ultramafic cumulate mushes and strong isotopic and compositional contrasts between cumulus phenocrysts and assimilated melt allow clear observation of reaction between cumulate mush and flysch partial melt. In other more evolved units, especially those with greater than ~10% feldspar, Sr and Nd concentrations are much higher and isotopic contrasts with the flysch are less pronounced. Higher incompatible trace element concentrations of the phenocrysts would buffer trace element and isotopic changes caused by interaction with the melt, and disequilibrium between the melt and crystals would be less extreme and may not manifest itself in obvious petrographic textures. The observation that some of the ultramafic and mafic rocks continued to interact with late-stage melt following their separation from the main body of largely liquid magma makes it possible that this process affected crystal mush of more evolved compositions also. The central location of the more felsic units in the plutons may also have prevented much country rock partial melt from reaching them. Our model of flysch partial melt interacting with basaltic cumulate mush suggests that this mechanism may have a profound impact on the composition of ultramafic to mafic plutons, changing them towards compositions that cannot be obtained only by assimilation with concomitant fractional crystallization in a magma.
Crustal contamination of primary basalt and suppression of crystallization
The first-order trend of increasingly crustal-like isotopic signatures, correlated with increasing differentiation (ultramafic-Mntermediate->granitic), begins at isotopic compositions of ultramafic and mafic rocks which are significantly more enriched than the primitive isotopic compositions expected for typical depleted mantle. One possible explanation for this is that the parental magma of the composite plutons was derived from an enriched upper mantle beneath southern Alaska. Hornblende gabbro xenoliths, however, have depleted-mantle isotopic composition, and suggest the possibility that the original parent magma of the plutons originally also had such a depleted-mantle isotopic signature. There is no independent evidence of enriched mantle in this region. To change the isotopic composition of the VOLUME 37 NUMBER 2 APRIL 1996 parental magma from that of depleted mantle to compositions measured in most of the ultramafic rocks without driving the melt to felsic compositions, the parental magma must have undergone crustal contamination with little or no crystallization and differentiation. The exact nature of this crustal contaminant is not known but geochemical and thermodynamic limits rule out assimilation of bulk Kahiltna flysch during this stage. Another possible contaminant that would be expected in country rocks such as these is partial melt produced by mica dehydration melting reactions in the flysch. In contrast to assimilation of bulk flysch country rock, assimilation of flysch partial melt initially causes high rates of assimilation relative to crystallization (f=l -5-2'5), which causes significant isotopic and trace element modification with little crystallization. The Sr and Nd concentrations and Sr/Nd ratio of the partial melt assimilate required by these high-r AFC models are significantly higher than those of bulk Kahiltna flysch, possibly indicating different Srand Nd-isotope diffusion properties (selective contamination) during contact of the parent magma with flysch partial melt (Blichert-Toft et al., 1992; Lesher, 1994) .
Mica dehydration melting reactions exert an important influence on the volume and composition of early partial melt from micaceous metasedimentary country rock. These reactions and their products may control the dynamics of the early stages of AFC. Because they are capable of creating large increases in melt fraction at low temperatures followed by significantly lower melting rates and different melt compositions after mica depletion (Vielzeuf & Holloway, 1988; Patifio-Douce & Johnston, 1991) , the AFC process in general may pass through two fundamental stages. In the first stage, high rates of assimilation relative to crystallization would be caused by the influence of the H 2 O-and alkali-rich pelite partial melt on the phase equilibria of the magma. Eventual saturation of phases in the magma and exhaustion of partial melt in the country rock would initiate the second stage of AFC, characterized by lower rates of assimilation relative to crystallization. Two-stage AFC models have been proposed in other volcanic and plutonic suites, especially where petrologic diversity of the magmatic products is relatively great (Dupuy et al., 1982; Myers et al., 1984; Bigazzi et al., 1986; Kagami et al., 1991; Grander, 1992; Barth et al., 1993) . In areas where country rock has the potential to melt discontinuously, as in the case of mica dehydration reactions, two-stage AFC processes may be the rule rather than the exception.
Crustal contamination by partial melt of country rock alone may also be an important process. Thompson et al. (1982) presented evidence that basaltic lavas of northwest Scotland were contaminated by small amounts of partial melt of felsic ampibolite-facies country rocks (5-15%), causing little major element change but significant isotopic and trace element changes in the lavas. This mass of assimilated partial melt relative to that of the magma is the same as the 5-15% assimilation that thermodynamic calculations predict may occur before causing significant crystallization of the magma (Reiners et al., 1995) . Patchett (1980) also showed that basaltic intrusions into country rocks with hydrous phases can partially melt a zone of 10-20% of the mass of the intrusion, but that bulk melting would be unlikely in most situations.
Assimilation of mica dehydration melting products may be difficult to observe in the rock record because the alkali-and H 2 O-rich compositions of such melts suppress crystallization of plagioclase and pyroxene. It is possible that the early stages of crustal contamination of mafic magma via this mechanism, especially if the magma was only saturated with olivine, may not be recorded in crystallized phases. Thus even rather mafic magmas with enriched isotopic characteristics that are generally assumed to be only slightly if at all contaminated by felsic crust may not represent an isotopic sample of enriched mantle.
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